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11 INTRoDUcrIoN 
The DNA binding domain of the yeast transcrip- 
tional activator GAL4 contains a sequence (Cys. 
X2-Cys.Xd-Cys-Xd-Cyf-X2-Cys-Xa-Cys) which is highly 
conserved amongst several other funga! gene regulatory 
proteins [I]. Using EXAFS and NMR spectroscopy 
respectively, we (21 and others [3] have suggested that 
the protein contains a two metal ion cluster 
distinguishing it from the ‘zinc finger’ proteins typified 
by the Xenopus lacvis transcription factor (TF)IIIA [4], 
Further NMR studies of the structure of the zinc- 
containing DNA binding domain have been carried out 
on a purified 43 amino acid fragment (GAL4(7-49)) 
recently obtained by us from E. coli [51. We have 
reported the complete assignment of the ‘H NMR spec- 
trum and identification of secondary structure in the 
Zn(II) protein [6]. 
The polypeptide chain is folded about two metal 
ions, and as a result rather fewer NOE enhancements 
are present in the NOESY spectrum than might be ex- 
pected for a protein of this molecular weight; a similar 
observation has also been made in the spectra of 
metallothioneins [7]. In order to obtain a greater 
number of distance constraints on the structure and to 
establish firmly that GAL4 does indeed contain a two 
metal ion cluster, we have determined the polypep- 
tide/metal cluster connectivities in Cd(U) GAL4 by us- 
ing ‘El- ‘13Cd two-dimensional correlation experiments. 
These results allow us to prop&e a mode! for the 
Cd(H)2 Cysa cluster within the DNA binding domain of 
GAL4. 
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2. MATERIALS AND METHODS 
The Cd(lt) GAt4(7-49) protein was prepared by adding a J.fotJ 
CXC~YS of “‘Cd to the Zn(ll) protcirr purified as described previously 
161. Samples for NMR spectroscopy were concentrated to l-2 mM 
and adjusted to pl+ 5,4 in the presenec of IO% ‘H&I and J-10 mM 
“‘eadrnium perchlorate. 
2.2. NhM spmwcapy 
The apectromcter used fo record and process the NMK spcerrn (a 
Brukcr AMX 600) operated at 600 MHz f’or protons, All spcetre were 
recorded from samples held at 283 K. The ‘H-“‘Cd two-dimensional 
correlation experiments were recorded using the standard scyucncc 
which involves evolution of hetcronuclear muitiple quantum 
coherence (HMQC) during the TV period [la]. The HMQC pvlsc se. 
quencc used was r/Z(‘H)+r/2 (“‘Cd).t,,~-n(‘H).t,,*.~/2(“‘Cd).r- 
acquire (‘H)/decouplc (“‘Cd). The cross.pcaks in the resulting spcc- 
trum show the chemical shifts of “‘Cd and ‘H atoms (C”H in cystcine 
residues) which arc directly coupled. In some experiments a further 
n/2(‘H) pulse is added just prior to data acquisition, The resulting 
spectrum shows the same cross.peaks as in an HMQC as well as fur- 
thcr ‘relay’ peaks which indicate a correlation between ‘lrCd and C”H 
in cysteine residues, even if C”H is not directly coupled to “‘Cd, The 
spectral width in the JZ dimension was 7246 Hz and the acquisition 
time in 12 was0.283 s. 1nf1 the spectral width was 14049 Hzand 11 was 
incrctnented in G4 equal steps to a maximum of 4.01 ms. The TPPI 
method of frequency discrimination was used [9,10] as was pre- 
saturation of the Hz0 resonance during the relaxation delay. 
3. RESULTS 
Double quantum filtered COSY [l 11 and X-filtered 
COSY [12] experiments were initially recorded to con- 
firm that al! six cysteine resi,dues were coordinated to a 
cadmium ion (data not shown). The cysteine residues in 
Cd(H) GAL4(7-49) were initially assigned by com- 
parison with the C”H and C?H chemical shifts in the 
Zn(I1) protein [t?]; a partial sequential assignment was 
used to confirm these assignments. A series of HMQC 
and HMQC-relay spectra were then recorded, using dif- 
ferent multiple quantum preparation periods, 7, of be- 
tween 10 and 60 ms. Recording several spectra in this 
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Fig, I I Cross-sections, taken parallcl Iof& from the ‘I-I- “kd two-dimensional rclnyed corrslulian spectrum (HMQC-relay) of Cd(ll) GAI_4(7-49). 
Sections (a) and (c)are taken at theJl frequency corresponding to the downfield Cd resonance, and sections (b) and(d) likewise refer IO the upfield 
resonance. The C”H resonances of cysteine residues appear between 3.85 and 4,7O ppnl and C”H rcson~nccs of cystcine residues appear between 
2.15 and 3.80 ppm. The signals are identified by the position of the cysteinc residue in the protein sequence. The evolution of the magnetisation 
under the ‘H, ‘H couplings during the delay, 7, leads to the varying amplhudcs and phases of the cross-peaks. Some peaks also show splittings 
due IO ‘II, ‘H coupling. Cross-sections (a) and (b) are taken from a spectrum recorded with the delay 7 set to 40 IX, while for (c) and (d) the delay 
was 30 ms. In the latter X marks an irlstrumental artcfact. 
way is essential as the cross-peak intensities and phases 
have a complex dependence on 7 and it is possible that 
some cross-peaks will be missing just due to an unfor- 
tunate choice of T. All spectra showed just two cad- 
mium resonances having very similar chemical shifts to 
those previously reported by Pan and Coleman for 
GAL4(62*) [13]. When taken together with the assign- 
ment of the cysteine residues in Cd(H) GAL4(7-49), 
these spectra clearly establish the polypeptide-metal 
cluster connectivities in the Cd(U) protein. For ex- 
ample, in the HMQC-relay spectrum recorded with 7 = 
40 ms the downfield cadmium resonance shows correla- 
tions to the @I-Is of cysteine residues 11, 28, 31 and 38 
and relay peaks to the C”Hs of cysteine residues 11, 3 1 
and 38 (Fig. la). Some of the correlations to the C”Hs 
are more clearly detected in a similar spectrum recorded 
with r = 30 ms (Fig. lc); the C”H resonance of Cys-28 
is buried under the residual Hz0 signal, The upfield 
cadmium resonance shows correlations to both the C”H 
and the C?Hs of cysteine residues 11, 14 and 21 (Fig. 
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These rnultr were flLI conPirmed by repeetlng the 6x0 
periments on a frerhly prepared sample csf the protein. 
4, DISCUSSION 
Alrhwgh the asQnmcnt of thr proton spretrum (ST 
C ht: Ccl(I I) protel n is not yet complete we are reasonably 
confident that the chemical shifts of the C”H and C”Ho 
of the fix cyst&e rcrwiduer are! very similar tr) rl~aae 
Found in the Znffl) protein (Table I), pcrhnpx implying 
chat the metal ion eoerdinncion is similar. The HMQC 
spcccrn clearly 4how that in cheCd(XI) protein one metal 
ion is ecmrdinated by cynrcine residues 11, 14, 21 and 
28, whilst rhc other is coordinated by cysteinc residues 
11,28, 3 1 and 38, It can rhercforc be concluded thnt the 
Cd(U) form of the GAL4(7-49) protein does indeed 
contain a two metal ion cluster where Cys-I 1 and 
Cys-28 act as bridging ligands (see Fig, 2), 
As a result of our EXAFS studies of GAL4(1-147) 
(21, and the NMR studies of GAL4(62*) by Pan and 
Coleman [3], we had expected such a cluster, However, 
we find that the bridging ligands are different in 
GAL4(7-49) from those suggested by the NMR studies 
of GAL4(62*) by Pan and Coleman (31, The chemical 
shifts of the C”H and the C”Hs of the cysteine residues 
in GAL4(62*) arc reproduced (from (31) in Table II; 
they are ordered so as to aid comparison with our own 
results for GAL4(7-49). With one exception (the C”Hs 
of Cys 11 and spin system 4) the chemical shifts in 
GAL4(62*) appear to be very similar to those found in 
GAL4(7-49). On the basis of an analysis of the 
‘H-“‘Cd hcteronuclear couplings, Pan and Coleman 
found that in GAL4(62*) their spin systems 5 and 6 
were the bridging cysteine ligands. In GAL4(7-49) we 
can find no evidence, either from an analysis of cou- 
Table I 
‘H NMR chemical shifts of the cysteine residues in Cd(lI) and %n(ll) 
GAL4(7-49) at pH 5.4 and 283# (relative IO internal TSP) 
Protein 
cys’ ’ 
cys’4 
cy?’ 
Cy? 
cy? 
Cys’s 
Cd(ll) GAL4(7-49) Z;(H) GAL4(7-49) -- 
Proton Proton 
C”H C”H( 1) @H(2) C”H @H(I) CmH(2) 
4821 2.15 3.01 4,17 2.21 2.93 
3.85 2,82 3.35 3.81 2.82 3.27 
4.70 2.94 - 4.72 2.92 - 
4.85 3.63 3.80 4.67 3~58 3.70 
4.01 2.84 3.40 4.02 2.80 3.32 
4.34 2.68 3.14 4.41 2.58 3.18 
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plings or from the ‘I+ “‘Cd cerrclatian experiments, 
that thcsc two spin systems represent the bridging cys- 
reine lignndr. Instead wc find that Cyr-11 and Cyan28 
(their spin systems 4and I) are the bridging ligands (see 
abovc). Tn addition their tentative sequential aaaign- 
menc assigns spin ryntcnu 5 and 6 10 Cys-38 and Cy+2 1, 
whilst ours would assign them to Cys-31 and Cyaq14, 
respectively. 
The method that WC have used to identify the bridg- 
ing qweines is based on rhc cxeurrenee of cross-peaks 
z~t certain frequency eoerdinates. As the occurrence of 
such cress-peaks indicaccs unrrr~rbig~~/~ the! presence 
of a coupling or chain of couplings, the interpretation 
of the spectra is straightforward. Pan and Coleman us- 
ed quattrifarive measurements of splittings from cross- 
peak multiplcts to identify the bridging cysteincs, Such 
an approach is rrndoubcedly both valid and elegant, but 
is subject to uncertainties caused by the poor definition 
of multiplccs inevitable in protein NMR spectra, Hav- 
ing identified which spin systems are from the bridging 
cysteincs, the assignment of these to particular cysteine 
residues in the sequence relics on the validity of the 
assignment of the spectrum. Our assignment [6] ap- 
pears to be consistent with the available NMR data but 
at this stage may be regarded as tentative, 
It is possible that the Cd(II) form of 6AL4(7-49) has 
different metal ion coordination from CAL4(62*) or 
from the Zn(II) form of GAL4(7-49). It is also possible 
Table II 
‘H NMR chemical shiftsof the cysteiac residues in Cd(Il) and Zn(ll) 
CJAL4(62*) at 308K (from [3]) 
Protein 
Cd(H) GAL4(62*) Zn(11) GAL4(62*) 
at pH 8.0 at pH 5,4 
-” 
Proton Proton 
C”H @H(l) CG C”H C”H(1) @H(2) 
Spin system 4 4.22 2.99 3.14 4012 ‘;:88 - 
Spin system 6 3.75 2.17 3,26 3.73 2.73 3.17 
Spin system 2 4.64 2.95 - 4.65 2.84 
Spin system 1 4.94 3.60 3,73 4.67 3.50 3.60 
Spin system 5 3.98 2.82 3.35 3.98 2.15 3.25 
Spin system 3 4.33 2.67 3,04 4.29 2,55 3.04 
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that the mcral eosrdinatlon is variable, In an r\ucmpr 10 
shawl char the preparntisn af thr Cd(H) farm af the 
GAL4(7-49) prerein wnSt reproducible, we prepared fE 
fresh sample and repealed all the NM% experimenrx. 
The rcsulrdi were identical. In nddirian, rhc fact that 
some of the! ring current shifted ~c~om~~s (e,g. thuxc 
of the C%io of Am-34 and Cys-28) WC XI rimilrr in tha 
‘native’ Zn(I1) form of the protein [6J and rhe Cd(H) 
form (data not shown).nlso argues against this possibili- 
ty. Moreover, the general dmilnriry of the chemical 
shifts of rhc C”H and the C%s of the six eysteine 
residues in OAL4(7-49) and GhL4(62*) would suygesr 
that rhe srruetures of the two prokins are not toa 
dissimilar, buf further spcculatiot~ must await rlre cam- 
plecion of both three-cliffrensionel structure dstermina- 
tions. 
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